T his paper presents a temperature compensation voltage controlled oscillator (VCO) based on CrossCoupled pair and Colpitts structures which is suitable for military fields. Also, two inductors have been used for increasing the negative conductance. By using this method, start -up condition has been improved. Two varactors and a simple capacitor bank are applied for covering a wide tunning range. T he VCO has been designed and simulated in T SMC 0.18 µm CMOS technology.To compensate the frequency drift over a temperature range, MOS varactors are used and biased with a complementary to absolute temperature (CTAT) voltage reference. This CT AT voltage reference has been applied to two varactors and decreased the frequncy drift over temperature range. By using this technique, the proposed VCO can achieve a very stable frequency of 11.5 PPM/°C at 24.35 GHz over a temperature range of -40~120 °C. Simulation results also show the VCO covers the frequency range of 23.75~24.8 GHz. T he simulated phase noise of center frequency is -102.6 dBc/Hz at 1 MHz offset frequency. T he VCO consumes 10.4 mW DC power under 1.8 V supply voltage. The figure of merit of the VCO is -179.8 after compensating.
INTRODUCTION 1
Frequency drift over temperature variations is a crucial design consideration for voltage controlled oscillator (VCO) circuits in RF systems because transistors' parameters, on-chip inductor resistances, and capacitors are highly sensitive to temperature fluctuations [1] . Temperature compensation for the VCO oscillation frequency is a critical issue for RF designer. Also, it is important to improve other parameters of VCO like power consumption and phase noise after frequency compensating over the temprature range. The phase noise and power consumption are two critical issues in designing VCO [2] - [5] .
Several methods are proposed to compensate frequency drift over temperature [6] - [11] . Placing VCO in a synthesizer loop is a solution for this problem [12] . The correcting nature of the synthesizer can decrease the frequency drift of VCO, in closed loop condition, but it is limited by the selection of VCO gain (KVCO). Higher KVCO can provide temperature stability requirement, but it degrades the phase noise performance due to AM to PM noise conversion. Reference [6] presents an LC VCO with a MOS inversion varactor array with two voltage bias generators to compensate frequency drift. In the bias circuit a BJT and a resistor are used to produce the Vref and a BJT is used to track the frequency changes of the other BJT. This circuit fixes frequency by using varactor array. This method suffers from high power consumption and occupies a large area because of compensation circuit. A proportional to absolute temperature (PTAT) voltage reference to compensate oscillation frequency drift has been presented in [7] . In this method, a Widlar bandgap reference has been used. BJT transistors have been applied to the first stage of the reference and MOS transistors have been used in the second stage to mirror the PTAT current. This PTAT current has been applied to a resistor and PTAT voltage has been produced and then it has biased the 2 varactors to fix the frequency drift. This Reference has used BiCMOS Technology. Therefore, the cost has increased. By employing a complementary to absolute temperature (CTAT) voltage reference in [8] , the frequency drift has been compensated. To design the CTAT voltage, an opamp has been used to fix the voltage deviation and then the output of the opamp has been connected to a MOS transistor for producing the CTAT current. This current has been passed through a resistor to produce a CTAT voltage. This circuit could have compensated the frequncy drift but it suffers from poor phase noise performance.
A temperature compensation technique using constant-biased varactors has been presented in reference [9] . In this circuit to compensate the frequncy drift, PMOS varactors have been used. According to this reference, PMOS varactors have better characteristics than NMOS varactors. This circuit has a good performance but the frequency of the circuit is low. Reference [10] has presented an LC cross -coupled VCO. To design this VCO, T-lines have been used instead of inductors and the size of circuit has decreased. But the circuit suffers from high power consumption and poor phase noise.
Most designs in the field of VCO temperature compensation have been performed at frequencies less than 10 GHz. Therefore, it is extremely important to design a VCO at high frequencies with temperature compensation. The other important issue in designing a VCO is the structure of its circuit. Cross -Coupled pair and Colpitts VCOs are the two mostly used structures due to their good performance like phase noise and dc power consumption at high frequencies. Therefore, , it is important to design a high frequncy VCO with good phase noise and low power consumption. Also, it is critical to have a stable frequency and performance over a wide temperature range.
In this paper, a temperature compensation VCO with good noise performance at 24.35 GHz is presented. To achieve good temperature performance, a CTAT voltage reference is applied to varactors. This helps the circuit to be stable over a wide temperature range and it fixes the frequency changes with a good approximation. By using this compensation circuit, the resulting drift from center frequency is 11.5 PPM/C. Besides, to achieve good performance, combination of Cross -Coupled pair and Colpitts structures are used. This circuit is suitable for military fields. Because it is stable over a wide temperature range.
The rest of the paper is organized as follows: the proposed VCO and temperature drift reasons are introduced in Section 2. The temperature compensation circuit is presented in Section 3. Design considration is proposed in Section 4. Section 5 discusses simulation results and compares it with the results of prior works. Finally, conclusion is provided in Section 6.
THE MAIN PART OF VCO AND FREQUENCY DRIFT CONSIDERATION

1. VCO Core
The schematic circuit of proposed VCO has been shown in Figure 1 . The proposed VCO includes Cross-Coupled pair and Colpitts structures. The Cross-Coupled pair is used due to its better start-up condition and low phase nois e performance [13] . Also, by using Colpitts structure, DC power consumption has been reduced [13] . To have a better start-up condition, two inductors have been used between Cross -Coupled pair and Colpitts structures [14] . These inductors enhance the interesting gain of transistors and thus, the negative conductance increases leading to robust startup condition. Moreover, these inductors reduce the noise effect of Cross-Coupled pair by resonating with parasitic capacitors of the trans istor at oscillation frequency. Therefore, phase noise performance is improved. In addition, a simple capacitor bank and two varactors have been applied to have an acceptable tuning range. 
where, µn, Cox, , VGS, VSB, Vtho,  and  are mobility of electrons, silicon dioxide capacitor, size of transistor, gate-source voltage, bulk-source voltage, threshold voltage (VSB=0), bulk threshold parameter, and surface potential at strong inversion, respectively. According to (1) , by applying a voltage to the bulk of transistors, the transconductance gain increases, and subsequently start-up condition improves.
The most important part of the proposed VCO is temperature compensation circuit. To compens ate frequency drift over temperature, two varactors and a CTAT voltage reference have been used. This CTAT voltage reference produces a negative slope voltage over the temperature range and biases the varactors Cvar3 and Cvar4. The circuit design and its operation are thoroughly explained in section 3.
The frequency drift reasons and design considerations of the proposed temperature compensation VCO are presented as follows.
Reasons For Frequency Drift
Once the system is in operation for a long duration, the ambient or chip temperature may change, and this may affect the VCO frequency drift which can even cause the PLL to be out of desired frequency. There are several components in VCO contributing to the frequency drift over temperature. The major contributors are capacitor banks and transistors.
1. Capacitor and Capacitor Bank
MIM and MOM capacitors are the two mostly used capacitors in RF systems, which have a temperature coefficient of 30-50 PPM/°C [15] . Figure 2 shows the simulated capacitance over a temperature range of -40~120 °C. As shown in Figure 2 , one could argue that the temperature coefficient is about 30 PPM/°C. Thus, according to " = 1 2 √ ⁄ ", the frequency increases over temperature range. The other contributor in frequency drift is capacitor bank. The simple capacitor bank has been illustrated in Figure 3 . This capacitor bank consists of transistor M1 and capacitor CA and CB. The ON/OFF states of the switch can affect frequency drift. When the switch is ON, the MOS transistor acts as a resistor with low resistance.
Therefore, the capacitors are connected in series and their dependency on temperature changes oscillating frequency. During OFF state, the MOS transistor is modeled by a high impedance. Thus, the total capacitance is formed by the series combination of CA and parasitic diode capacitor Cdb (or CB and parasitic diode capacitor Csb). In this case, the total capacitance is determined by the parasitic diode capacitors. The parasitic diode capacitance is defined as [15] :
where, Cj0, VR, and are PN junction capacitance, reverse bias voltage of PN junction and built-in potential, respectively. Since  varies with temperature by -0.2 V/°C, the parasitic capacitance changes over temperature. Thus, according to " = 1 2 √ ⁄ ", the VCO does not oscillate at the desired frequency range due to variation of capacitance.
Transistors
Transistor has the most effect on frequency drift due to the variation of its transconductance gain (gm), threshold voltage (Vth), mobility of electrons and holes (n and p) and parasitic capacitors. gm, Vth, andare obtained as follows [15] : According to (3)- (5), by increasing temperature, the threshold voltage and mobility are reduced and subsequently gm decreases. The reduction in gm changes the level of harmonic distortion and oscillation frequency [7] . The simulated gm of NMOS transistor is demonstrated in Figure 4 . As can be seen, the gm decrement is very significant. The parameter gm has a temperature coefficient of 1250 PPM/°C over a temperature range of -40~120 °C.
PROPOSED TEMPERATURE COMPENSATED CIRCUIT
Equations (2)- (5) show that the frequency increases by enhancing the temperature. Figure 5 shows the simulated frequency of the VCO without temperature Figure 5 , the temperature drift is about 130 MHz. Also, the temperature coefficient of frequency is about 33.45 PPM/°C.
According to " = 1 2 √ ⁄ ", the oscillation frequency, which is a drift from the desired frequency, can be compensated by changing the total inductance or capacitance seen from the output node. Changing the inductance is very difficult in integrated circuits. Also, inductor occupies a very large area in an IC. Thus, the best choice is changing the capacitance. Figure 6 describes the effect of temperature on frequency and its compensation. If the temperature rises and consequently it causes drop in the center frequency; it needs to decrease Ctotal for comensation. Also, if the temperature rises and consequently it causes rise in the center frequency; it needs to increase Ctotal for comensation. According to Figure 5 and 6, to compensate drift frequency, a temperature dependent voltage reference is needed to bias the varactors and change their capacitance and subsequently fix the oscillation frequency.
The proposed temperature compensation circuit has been depicted in Figure 7 .
The voltage differences of the diode connections (transistor M′1-2) which are located at the top of the circuit produce a PTAT voltage. This PTAT voltage is applied to another diode connection (M′3) and this transistor is biased. The drain voltage of transistor M′3 becomes CTAT voltage. In addition, by mirroring the current of M′3, the drain voltage of the transistor M4 becomes CTAT. This voltage is applied to varactors and the values of varactors is enhanced. As mentioned, the frequency grew when the temperature was increased. By employing a CTAT voltage circuit and biasing varactors with this CTAT voltage, the value of varactors augments and frequency increases. Therefore, the frequency drift over temperature is compensated.
DESIGN CONSIDRATIONS
1. Sizes of Transistors
The first important step in designing an oscillator is to obtain the sizes of the transistors. In VCO design, to determine the sizes of transistors, it is necessary to consider the currents of the transistors. Since the transistors are in the saturation region, the sizes of NMOS transistors is defined as (7) [13] .
where, (
n is sizes of NMOS transistors, ID is the drain current, µn, is the electrons mubility, V th n is threshold voltages of NMOS, C ox and V GS are silicon dioxide capacitor and gate-source voltage.
2. Inductors
To calculate the main frequency, it is necessary to compute the inductance from the following equation [13] :
where, Q is the quality factor of the inductor, R p is the equivalent parallel resistor of the inductor, and fo is the center frequency. The quality factor and R p depend on the technology that is used and the inductance can be calculated by considering their values.
3. Oscilation Frequency and Start-Up Condition
After calculating the size of transistors from (7), the produced parasitic capacitors of transistors should be considered, since these capacitors affect oscillating frequency and the start-up condition. Furthermore, the inductor parasitic capacitors should also be considered. Thus, it is necessary to estimate all parasitic capacitances.
3. 1. Inductor Capacitors
The inductors that are used in integrated circuits often have spiral form as shown in Figure 8 [14] . The equivalent circuit of these inductors is demonstrated in Figure 9 [15] .
According to Figure 9 , the values of capacitors, inductors, and resistors of this equivalent circuit are determined as follows. The values of inductors can be calculated as (9) [15] . . Equivalent circuit of the spiral inductor [13] where, µ0 is the vacuum permeability, N is the number of inductor turns, a is the distance from the center of the inductor to the middle of the windings and D is the diameter of windings. The values of capacitors can be obtained from (10), (11) and (12) where, W, L, N, Csub, ε ox , and t ox are metal width, total length of the spiral, number of turns, body capacitance, silicon di oxide electrical permittivity and thickness of the oxide, respectively.
The values of resistors can be calculated using (13) and (14) [15] .
where, W, L, σ, C sub , t, and δ are metal width, total length of the spiral, conductivity of the metal, body capacitance, thickness of the metal and skin depth, respectively. Figure 10 shows the parasitic capacitors of the transistor. In RF design, it is necessary to consider these capacitors. In application, gate-source capacitor and gate-drain capacitor are often considered, and other capacitors are neglected [15] .
3. 2. Transistor Capacitors
Since the transistors are in the saturation region, the values of these capacitors can be obtained as follows [15] :
where, CGD, CGS, CGSO, CGDO, and C ox are gate-drain, gate-source, gate-source overlap, gate-drain overlap and oxide capacitances, respectively.
3. 3. Oscillation Frequency Analysis
The simplified equivalent half-circuit of the proposed VCO is illustrated in Figure 11 . CL1, Cgd1, and Cgd3 are the parasitic capacitor of the inductor, gate-drain capacitors of NMOS and PMOS transistor, respectively. To derive the operation frequency, the transfer function between Vo and Vi is defined as (17).
where, Ci and Co are calculated as (18) and (19).
Oscillation frequency will occur if loop gain of the circuit is unity, with a proper investigation, the oscillation frequency can be approximated as: 
where, gm is transconductance of transistors and RP is the parallel resistor of the inductor. It is critical to consider this equation for maintaining oscillation. The circuit parameters of the proposed VCO are listed in Table 1 .
SIMULATION RESULTS
In this paper, a temperature compensation VCO is introduced at 24.3 GHz and is designed and simulated (pre-layout) in Hspice software in 0.18 µm CMOS process technology. The Results show that power consumption of the VCO is 10.4 mW at the center frequency. Figure 12 illustrates the layout of the circuit. As shown in Figure 12 , the occupied area is 378 µm × 440 µm. This Figure illustrates that most of the IC space is occupied by inductors. By employing temperature compensation circuit, the frequency drift becomes less. To prove this claim, the simulated center frequency over a temperature range of -40~120 °C, before and after temperature compensation have been shown in Figure 13 . As demonstrated in Figure 13 , before and after temperature compensation, the frequency drifts are 33.45 PPM/°C and 11.5 PPM/°C respectively. The proposed VCO has improved in terms of frequency drift about 65.6% (The frequency drifts before and after compensation are about 130 MHz and 45 MHz respectively). As demonstrated in Figure 14 , the output frequency of the designed VCO can be tuned from 23.75 GHz to 24.8 GHz. Thus, the tuning range of the proposed VCO is 4.12%. This figure shows that the VCO covers a wide frequncy range by applying 2 varactors and a simple capacitor bank. Based on simulation and Figure 15 , the phase noise is -118.3 dBc/Hz and -102.6 dBc/Hz at 1 MHz frequency offsets before and after temperature compensation. By adding the temperature compensation circuit, the noise of this circuit affects output of the VCO and the phase noise performance deteriorates. This problem happens because of the transistors which are used at the temperature circuit have noise parameters. Even by considering this problem, the phase noise still acceptable at this frequency. In the circuit analysis, all simulations related to the manufacturing process have been performed. So it is fair to compare them with measurement results. Table 2 summarized some of the published works in the field of temperature compensation VCO design. It is observed that by using the compensation circuite and biasing it to varactors, this VCO can achieve minimized drift frequency while operates at the highest frequency. The temperature coefficient of the proposed VCO is better than other works, however the frequency of this VCO is higher than published works. Moreover, by employing Colpitts and Cross -Coupled pair structures, the power consumption of the proposed VCO is lower than other works. In addition, the proposed VCO has good phase noise performance at higher frequencies. Also, Table 2 shows that the proposed VCO outperforms other works in terms of FOM.
CONCLUSION
In this paper, a temperature compensation VCO based on Cross-Coupled pair and Colpitts structures has been designed and simulated in TSMC 0.18µm CMOS process. By employing this method, the phase noise and other performances are improved. To compensate the frequency drift over a temperature range, MOS varactors are used and biased with a CTAT voltage reference. The CTAT voltage reference and biasing it to varactors helps to have more stable frequency and phase noise versus temperature. By using this technique, the achieved temperature coefficient of the proposed VCO is 11.5 PPM/°C for temperature range of -40~120. In addition, based on simulation results, the phase noise of the proposed VCO is about -102.6 dBc/Hz at 1MHz offset frequency. Moreover, the VCO has 10.4 mW DC power consumption at 24.35 GHz frequency. The VCO covers frequencies of 23.75~24.8 GHz and the tuning range is 4.12%. Furthermore, the proposed VCO has FOM of -179.8 dBc/Hz.
